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OPTIMAL RESOLUTION OF EYE LENS y-CRYSTALLINS BY CATION-

EXCHANGE HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY ON
SYNCHROPAK CM300

ROLAND J. SIEZEN** and ELIZABETH D. KAPLAN
Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139 (U.S.A.)

SUMMARY

Cation-exchange high-performance liquid chromatography on SynChropak
CM300 in Tris-acetate buffers of pH 5-7, using sodium acetate gradients, produces
an excellent separation of the various y-crystallin gene products and their post-syn-
thetically modified forms from eye lens. With a single analysis of total lens extract,
the y-crystallins can be resolved, quantified and collected for amino acid analysis.

Experimental conditions are presented for optimal reselution of individual
human, rat, bovine and dogfish shark y-crystallins. Applications presented include
determinations of differential synthesis of y-crystallins and chemical modification
(oxidation by hydrogen peroxide) in situ.

INTRODUCTION

y-Crystallins are structural proteins of vertebrate eye lenses which play a criti-
cal role in lens transparency and cataract development'~3. Up to six different y-crys-
tallin gene products, of greater than 70% sequence homology*~¢, are differentially
synthesized during lens growth in vivo®7-8, Upon cataract formation or aging of y-
crystallins in vivo, post-translational modification generates additional species which
are generally more acidic and which contain disulfides!-2.%:1°,

Separation and purification of individual gene products is difficult, since nearly
all y-crystallins have similar molecular weights of about 21000 and isoelectric points
near pH 8.0°712. Partial resolution has been obtained by low-pressure cation-exchange
chromatography on sulphopropyl (SP)-Sephadex at pH 5-62:72.11.12 and the order
of elution of y-crystallins is apparently related to the number of surface-exposed
histidine residues®-13. A more accurate and rapid procedure for the identification and
quantification of the many gene products and their modified forms should provide
valuable insight into the processes of differential synthesis, aging and cataract for-
mation in the eye lens.

* Present address: Division of Biophysical Chemistry, Netherlands Institute for Dairy Research
(NIZO), P.O. Box 20, 6710 BA Ede, The Netherlands.
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In a preliminary communication we reported that cation-exchange high-per-
formance liquid chromatography (HPLC) on SynChropak CM300 provides a su-
perior resolution of bovine y-crystallins4. In the present paper we present optimal
conditions for separation of the multiple y-crystallins from bovine, rat, dogfish and
human lens. Identification of components is based on comparison of amino acid
compositions with known sequences of the gene products.

EXPERIMENTAL

Lens extraction

Eye lenses were obtained as described before from 2—6 months old humans?3,
20-30 years old dogfish'é, 15 days old rat®* and 7 days to 5 years old cow’-14.17,
Whole lenses were used, except for the five-year old bovine lens which was carefully
dissected into nine concentric layers. Whole lenses or lens microsections were ex-
tracted in either HPLC mobile phase buffer A or 0.05 M sodium phosphate buffer,
pH 7.0 (containing 1 mM EDTA, 0.1 mM dithiothreitol and 0.02% sodium azide).
The extracts were centrifuged at 10000 g for 20 min at room temperature. Super-
natants were stored at 4°C and dialyzed against appropriate buffers just prior to
subsequent chromatographic analysis, if so required.

Low-pressure chromatography

Monomeric crystallins (i.e. y + B;) were isolated by Sephadex G-75 chro-
matography of the extract in the same phosphate buffer, pH 7.0, at room tempera-
ture”-19, Low-pressure cation-exchange chromatography of monomeric crystallins
was performed on a SP-Sephadex C-50 column (150 x 10 mm) in 0.275 M sodium
acetate buffer, pH 4.8, with a linear 0 to 0.2 M sodium chloride gradient.

Cation-exchange HPLC

Ton-exchange HPLC was carried out at room temperature in a prepacked Syn-
Chropak CM300 column, 250 x 4.1 mm, connected to a SynChropak CSC precol-
umn, 50 x 4.1 mm (SynChrom, Lafayette, IN, U.S.A.). This CM300 material con-
sists of 6.5 um silica beads with a polyamide coating, derivatized with carboxymethyl
groups, and a 300 A average pore size.

The HPLC system consisted of a Beckman 421 controller, two Beckman 110A
pumps, an Altex 210 injector with a 20-ul loop, and either a Beckman 160 detector
(280 nm) with Hewlett-Packard 3390A integrator or a Hewlett-Packard 1040A
diode-array detector with a 7999A workstation. Elution was at 1 ml/min, 1000-1200
p.s.i., using mobile phase buffers 0.02 M Tris-acetate (A) and 0.02 M Tris—acetate,
0.5 M sodium acetate (B), both containing 1 mM EDTA, 0.1 mM dithiothreitol and
0.02% sodium azide, and both adjusted to the appropriate pH (range 5-7). Salt
gradients are given in the figure legends; each run was followed by S min in 100%
buffer B and reequilibration for at least 15 min in the starting mixture of A and B.
HPLC-grade water (Milli-Q) was used throughout.

y-Crystallin solutions (or lens microsection extracts) were dialyzed against
HPLC buffer A, reconcentrated by ultrafiltration (Amicon, YM-10 membrane), and
centrifuged prior to HPLC. Typically the 20-ul sample injected contained about 40
ug y-crystallins or about 500 ug total lens proteins (containing about 100 ug y-crys-
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tallins). Individual y-crystallin subfractions in the HPLC eluate were collected from
several runs and subjected to amino acid analysis.

Amino acid analysis

Protein samples were hydrolyzed in 6 M hydrochloric acid at 110°C for 24 h
in evacuated tubes and subsequently analyzed in duplicate on a Dionex D-500 amino
acid analyzer. Threonine and serine value were corrected upward by 10% and 20%,
respectively, to account for losses during hydrolysis. Cysteine and tryptophan were
not determined.

Lens incubation with hydrogen peroxide

Fresh calf lenses (age 1-2 weeks), lens weight 0.9-1.1 g, were incubated in 5
ml 0.1 M sodium phosphate, 0.02% sodium azide, pH 7.0, to which appropriate
amounts of 30% hydrogen peroxide (Mallinckrodt, analytical-reagent grade) were
added at time zero, for 20-24 h at room temperature (21°C) unless specified other-
wisel8,

Lenses were subsequently washed for 3-24 h with several changes of phosphate
buffer to remove residual hydrogen peroxide, prior to extraction.

RESULTS AND DISCUSSION

Optimal resolution conditions

Rat. All six rat y-crystallin genes are known, and the corresponding amino
acid sequences have been deduced®. Fig. 1 illustrates the SynChropak CM300 elution
pattern at pH 6.0 of total lens extract from 15-days old rats. The multimeric «- and
B-crystallins are more acidic than the y-crystallins and do not bind to the cation-
exchanger under these conditions. With a salt gradient, six peaks are eluted which
have been identified by amino acid analysis® as the six y-crystallin gene products, as
shown in Fig. 1 (nomenclature in ref. 6).

The resolution of these six peaks is excellent, and no cross-contamination oc-
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Fig. 1. Cation-exchange HPLC on SynChropak CM300 of rat p-crystallins. Total lens extract from rats
(15-days old) was applied. Elution conditions: Tris-acetate, pH 6.0; 5% mobile phase B isocratic for 2
min, 5 to 15% B linear gradient in 10 min, 15% B isocratic for 10 min, and 15 to 40% B linear gradient
in 15 min; flow-rate, 1 ml/min.
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curs. The order of elution is not so much determined by isoelectric points, since these
are nearly identical for all six rat y-crystallins'2, but rather by the number of exposed
His residues which is 4, 5, 4, 6, 8 and 9, respectively, for the components shown in
Fig. 1313, and by their pK values. The peak elution order on SynChropak CM300
(at pH 6.0) differs from that on SP-Sephadex (at pH 4.8) in that the y,_; and y,_,
peaks are switched?. This dependence of elution order on pH was also found for
bovine y-crystallins'4, and it must reflect differences in pK values of individual His
residues in the pH 5-7 range. This phenomenon becomes an important tool when
attempting to separate y-crystallins with the same number of exposed His residues.
In such a case, varying both the pH and salt gradient generally allows one to find
conditions for good resolution.

Remarkable is the excellent separation in Fig. 1 of rat y;.; and y4.; which
differ in only 4 of 173 residues®. This is understandable, however, when we realize
that two of the substitutions involve charged residues ("?Arg to His, 1#8Gly to Arg)
resulting in an additional exposed His residue.

Using this CM 300 cation-exchange HPLC procedure, the spatial and temporal
distribution of y-crystallins in 1-day to 420-day rat lens has been determined?. These
data have provided essential insight into the processes of differential synthesis and
aging of rat y-crystallins in vive. For instance, we demonstrated that all six gene
products are indeed synthesized, but in varying ratios during development, and that
little charge modification of these y-crystallins occurs in normal rat lens in the first
420 days of life.

Dogfish. Dogfish represents an example in which none of the y-crystallin genes
are known. Hence, pure protein chemistry must be employed to estimate the number
of primary gene products synthesized and their post-translational modified forms.
Dogfish total y-crystallins were first separated from o- and f-crystallins on Sephadex
G756, Subsequently, using the traditional low-pressure cation-exchange chromato-
graphy on SP-Sephadex, we partially resolved five y-crystallin subfractions (I-V, Fig.
2a). Isoelectric focusing indicates, however, that none of these subfractions represents
a single component!®.

Indeed, using the high resolving power of SynChropak CM300 at pH 6.0 (Fig.
2b), it becomes clear that fractions I, III, IV and V all consist of multiple y-crystallins.
Although SynChropak CM300 provides an excellent separation of more than ten
components under these conditions, several peaks are still asymmetric or incomplete-
ly resolved. This implies that additional variations in pH and salt gradient are re-
quired for further purification of all the individual y-crystallin components. Amino
acid compositions of all the subfractions were very similar, yet distinct in the sense
that at least three subclasses could be distinguished, possibly derived from three
different gene products!®. Many of the CM300 peaks could represent age-modified
y-crystallins since 20-30 years old dogfish were used. Clearly, a very complex mixture
of y-crystallins is present in these old dogfish lenses. Nevertheless, SynChropak
CM300 chromatography provides an excellent means for the purification and quan-
tification of individual y-crystallins.

Human. Six human y-crystallin genes are known, two of which are pseudogenes
that do not code for functional proteins®-15. In Fig. 3 we compare the CM 300 elution
patterns of total human lens extract (bottom) with the y-crystallin fraction (top). To
identify the original gene products we used very young human lenses, because human
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Fig. 2. Cation-exchange chromatography of dogfish total y-crystallins. (a) SP-Sephadex; sodium acetate,
pH 4.8, linear sodium chloride gradient (—-); 10 mg protein applied: flow-rate, 12 ml/h; (b) SynChropak
CM300; Tris—acetate, pH 6.0; 10% B isocratic for 10 min, 10 to 40% B linear gradient in 15 min; 50 ug
protein applied; flow-rate, 1 ml/min. The SP-Sephadex fractions I-V were run individually on SynChropak
CM 300 to determine the peak assignment indicated in b.

y-crystallins are extremely susceptible to charge modification upon aging in vivo,
generally becoming more acidic, presumably as a result of oxidation and mixed di-
sulfide formation with glutathione and cysteine?.9.1%.19,

Four y-crystallin peaks, y;—y4, are resolved at pH 5.5, yet they remain closely
spaced suggesting only small differences in pK values of exposed His residues. This
pH of optimal resolution is rather critical for human y-crystallins. While pH 6.0 is
optimal for y-crystallins from most other species'#, some of the human y-crystallins
fail to bind at pH 6.0, thereby eluting with the a- and f-crystallins. The four p-
crystallin peaks in Fig. 3 (top) apparently do not represent the four different gene
products; our amino acid analysis has shown that only two y-crystallin genes are
expressed significantly in young human lens!’. These gene products presumably cor-
respond to peaks y, and y4 in Fig. 3, while the additional components in the elution
profile are in vivo or in vitro modified forms.
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Fig. 3. SynChropak CM300 HPLC of human y-crystallins (top) and human total lens extract (bottom).
Elution conditions: Tris-acetate, pH 5.5; 0 to 30% B linear gradient in 30 min; flow-rate, 1 ml/min.

The same four y-crystallin peaks can also be identified in the elution pattern
of total lens extract (Fig. 3, bottom), despite a small shift in retention volume. How-
ever, the elution pattern of total extract is much more complex in the y-crystallin
region. It is not clear as yet whether the additional peaks between 10 and 30 ml
represent a-, f- or y-crystallins. We do know that f.-crystallin, which is related to
the y-crystallins with respect to size, charge and amino acid sequence!?-15.20.21 jg
eluted as multiple peaks in the 10-30 ml region. In fact, the large peak at 17 ml may
represent a f,-crystallin since this protein is rather abundant in young human lens,
in contrast to young rat lens3.19:15.21,

SynChropak CM300 elution profiles of y-crystallins from older human lenses
(not shown) are even more complex, which is in agreement with electrophoretic stud-
ies!?.1®, Nevertheless, this HPLC procedure was extremely valuable in determining,
for the first time, which y-crystallin gene products are preferentially synthesized in
vivols.

Bovine. In our initial communication'4 we reported the dependence on pH of
the separation of bovine nuclear y-crystallins on SynChropak CM300. A pH of
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Fig. 4. SynChropak CM300 HPLC of bovine y-crystallins. Monomeric crystallins from calf lens (14 days
old) were applied. Elution conditions: Tris—acetate, pH 6.0; 10% B isocratic for 10 min, 10 to 40% B
linear gradient in 15 min; flow-rate, 1 ml/min. Individual peaks were collected for amino acid analysis
(Table I).

6.0-6.5 was recommended for optimal resolution. In Fig. 4 we now present a further
improved separation of bovine y-crystallins from total lens at pH 6.0. Seven well
resolved, symmetrical peaks are seen and the position of bovine fe-crystallin is now
also clearly manifested.

TABLE 1
AMINO ACID COMPOSITIONS OF BOVINE y-CRYSTALLINS

The amino acid compositions are given in residues per mole of polypeptide. Numbers in parentheses give
the integral number of residues obtained from amino acid sequences of yy (ref. 23) and B, (ref. 20). Cys
and Trp were not determined experimentally, but the compositions presented are based on a constant four
Trp residues per polypeptide, seven Cys for yy (refs. 23 and 24), six Cys for f, (ref. 20) and five Cys for
Y- and ppy-crystallins24,

Amino acid  Residues per mol of

Yir Yira Vi Yiva Yive B.
Asx 19.1 (19) 17.7 18.6 19.1 20.5 16.4 (16)
Thr 46(95) 32 2.1 49 3.1 57(%
Ser 12.8 (13) 14.9 13.2 13.8 14.2 12.4 (12)
Glx 19.4 (19) 21.4 20.5 19.1 16.5 23.4 (22)
Pro 75(8) 6.6 6.4 6.0 5.6 81(7
Gly 14.5 (14) 13.7 15.1 14.5 147 14.8 (14)
Ala 26(2) 4.0 39 3.5 4.8 85(9
Val 6.1(6) 6.9 7.0 6.5 5.4 9.1(8)
Met 64(7 37 3.6 3.6 3.6 48( 6)
Ile 58(6) 7.5 7.6 6.6 6.5 63(7N
Leu 13.3 (13) 11.4 14.8 12.1 15.8 11.0 (10)
Tyr 14.5 (15) 134 15.2 14.5 16.2 10.2 (12)
Phe 9.1 (9 9.0 6.1 9.2 5.9 9.9 (10)
His 52(5) 79 7.2 8.1 7.0 64(7)
Lys 20(2) 1.9 23 1.2 1.0 72(9

Arg 20.1 (20) 21.0 20.5 214 23.0 12.9 (13)
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The separated components were collected individually, and Table I presents
their amino acid compositions, with the exception of y;. Unambiguous identification
of gene products is only possible for two components, because the complete amino
acid sequences are only known of bovine yy (refs. 22 and 23) and ,-crystallin?°, both
deduced from nucleotide sequences. In Table I the deduced amino acid compositions
(in parentheses) of y;; and f§; are compared with the measured compositions, and it
is evident that we have correctly identified both components in the Fig. 4 elution
profile. An interesting spin-off of these results is that our amino acid composition of
yu supports the notion?? that position 119 is Thr rather than Ser (ref. 22).

Our amino acid compositions of Yy, Y and yiva are in excellent agreement
with other literature values for the two ymy-crystallins’! and the major yy-crystal-
lin11.24, The compositions of components Y., Yy, Yiva and v, are sufficiently dif-
ferent (in particular their Thr, Glx, Leu, Tyr, Phe and Lys contents) to tentatively
conclude that these peaks each represent a different gene product. For a more de-
finitive identification we must await further isolation and characterization of the
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Fig. 5. SynChropak CM300 HPLC of total lens extracts from microsections (cortex, middle, nucleus) of
bovine lens (5-years old). Elution conditions: Tris-acetate, pH 6.0; 5 to 10% B linear gradient in 2.5 min,
10% B isocratic for 10 min, 10 to 40% B linear gradient in 15 min; flow-rate, 1 ml/min.
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other bovine y-crystallin genes. A recently reported partial amino acid sequence,
lacking the 17 C-terminal residues?3, appears to correspond to our yy, Component,
based again on comparison of amino acid compositions.

Two applications of the SynChropak CM300 separation of bovine y-crystallins
will now be presented.

Applications

Differential synthesis and aging. We have analyzed the distribution of y-crys-
tallins in lens microsections from a five-years old cow, as shown in Fig. 5. In the
analysis of total lens extract we add a 2.5-min gradient elution (5 to 10% B) at the
start to reduce interference with the breakthrough peak containing - and f-crystal-
lins4.

Only three of nine concentric lens layers are shown, namely the innermost
(nucleus), the fifth layer (middle) and the outermost layer (cortex). The y-crystallin
distributions in these layers reflect various stages of differential synthesis during lens
development?-7, since protein synthesis occurs only in the outer lens layers and very
little protein turnover occurs during the concentric growth of the eye lens. From Fig.
5 we note a major shift in synthesis from y-crystallins (inner nucleus) to f.-crystallin
(outer cortex) during lens maturation. We conclude that f-crystallin represents less
than 5% of monomeric crystallins synthesized in early prenatal development (Fig.
5 and ref. 14), but more than 90% at the age of 5 years postnatal. At an intermediate
age (middle layer) yg- and B,-crystallin are the two predominant species synthesized,
while synthesis of yy- and particularly yy-crystalllins is greatly reduced.

In addition, information can be obtained on post-synthetic charge modifica-
tion of y-crystallins by comparing the inner layers with corresponding layers from
young lenses, which we reported previously!4. The top profile in Fig. 5 representing
the oldest y-crystallins has a large number of additional, more acidic components
compared to young lens nucleus (Fig. 3 of ref. 14). While these are undoubtedly
age-modified forms of the five main y-crystallin species, the residual portions of these
five components closely resemble the original distribution in young lens nucleus,
suggesting that no selective charge modification occurs upon in vive aging of bovine
y-crystallins. Finally, we note that the near absence of soluble a- and f-crystallins in
the old nucleus (Fig. 5, top) compared to young nucleus'# is indicative of selective
insolubilization of «- and f-crystallins with aging.

Chemical modification. A second application tested is the in vitro oxidation by
hydrogen peroxide of y-crystallins in young bovine lens, in an experiment which
simulates oxidative insult to lens proteins during cataract formation!-2.2-1°, Subse-
quent analysis on SynChropak CM300 of total lens extracts, as shown in Fig. 6,
shows the extent of charge modification of each individual y(+ f,)-crystallin as a
function of hydrogen peroxide concentration. The original y-crystallin peaks disap-
pear progressively with a concomitant increase of more acidic, earlier eluting com-
ponents. Table II shows that f;- and yy-crystallin are more susceptible to oxidative
modification than the yy- and yv,-crystallins, which is in agreement with their higher
Cys contents (Table I)?:29:24.25, The amount of protein which is too acidic to bind
to this column increases from 74.2 to 92.5% upon oxidation. Further details of this
experiment, including analysis of charge modification by isoelectric focusing, is pre-
sented elsewhere!$,
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Fig. 6. SynChropak CM300 HPLC analysis of hydrogen peroxide induced modification of y-crystallins in
bovine lens. Total lens extract was applied. Elution conditions as in Fig. 4. The broad peak between
20-25 ml is a baseline artifact of the salt gradient.

CONCLUSIONS

Cation-exchange HPLC analysis of y-crystallins on SynChropak CM300 offers
greater speed, resolution and discrimination of peak heterogeneity than the pre-
viously employed low-pressure cation-exchange chromatography methods. Using
this HPLC procedure one can rapidly analyze variations in y-crystallin distributions
which arise through differential synthesis, aging and cataractogenesis. Moreover, in-
dividual gene products can be readily identified if their nucleotide or amino acid
sequence are known. Upscaling should be feasible using a preparative SynChropak
CM300 column. This approach should provide adequate amounts of individual, pure
y-crystallins for detailed chemical, physical and crystallographical characterization.



CATION-EXCHANGE HPLC OF y-CRYSTALLINS 249

TABLE II

HYDROGEN PEROXIDE INDUCED CHARGE MODIFICATION OF BOVINE y-CRYSTALLINS
IN VITRO .

Whole calf lenses were incubated for 24 h in solutions of varying hydrogen peroxide concentration. Lens
extracts were analyzed on SynChropak CM300 as shown in Fig. 6, from which peak areas [expressed as
absorbance (%) at 280 nm] were obtained by integration. No correction is made for differences in specific
absorbance at 280 nm. The breakthrough peak corresponds to lens proteins which are not bound to the
ion-exchange column, notably a- and g-crystallins. “Other” components are the y;-crystallin peak and all
other unidentified peaks, including charge-modified components.

Hydrogen Peak area (%)
peroxide
concentration Break- Bs Yitta Yitrp Vi Yive Yrve Other
(mM) through
0 74.2 2.5 1.5 47 8.0 44 1.7 3.0
5 83.1 0.5 1.9 3.3 43 49 0.9 1.1
10 85.4 0 2.7 29 3.2 4.6 0.2 1.0
30 91.2 0 1.8 0.3 0 2.1 0 4.6
150 92.5 0 0 0 0 0.1 0 7.4
ACKNOWLEDGEMENTS

We thank Joe Horwitz for first introducing this column material to us, thereby
putting us on the right track. We are grateful to Marcia Stein, Elaine Wu and Chris-
tine Hom for technical assistance, and John Thomson for stimulating discussions.
Our research was supported by grants from the National Eye Institute of the National
Institutes of Health (EY05496 to R.J.S.) and the Jessie B. Cox Charitable Trust.

REFERENCES

1 J.J. Harding, in H. Bloemendal (Editor), Molecular and Cellular Biology of the Eye Lens, Wiley, New
York, 1981, pp. 327-365.
2 R. C. Augusteyn, in G. Duncan (Editor), Mechanisms of Cataract Formation in the Human Lens,
Academic Press, New York, 1981, p. 71-115.
3 R.J. Siezen, E. Wu, E. D. Kaplan, J. A. Thomson and G. B. Benedek, J. Mol. Biol., (1988) in press.
4 M. L. Breitman, S. Lok, G. Wistow, J. Piatigorsky, J. A. Treton, R. J. M. Gold and L.-C. Tsui, Proc.
Natl. Acad. Sci. U.S.A., 81 (1984) 7762-7766.
5 8. O. Meakin, M. L. Breitman and L.-C. Tsui, Mol. Cell Biol., 5 (1985) 1408-1414.
6 J. T. den Dunnen, R. J. M. Moormann, N. H. Lubsen and J. G. G. Schoenmakers, J. Mol. Biol., 189
(1986) 37-46.
7 C. Slingsby and L. R. Croft, Exp. Eye Res., 17 (1973) 369-376.
8 M. Murer-Orlando, R. C. Paterson, S. Lok, L.-C. Tsui and M. L. Breitman, Develop. Biol., 119 (1987)
260-267.
9 C. Slingsby and L. Miller, Exp. Eye Res., 37 (1983) 517-530.
10 1. 8. Zigler, Jr., P. Russell, L. J. Takemoto, S. J. Schwab, J. S. Hansen, J. Horwitz and J. H. Kinoshita,
Invest. Ophthal., 26 (1985) 525-531.
11 1. Bjork, Exp. Eye Res., 3 (1964) 254-261.
12 B. J. Wagner and S.-C. J. Fu, Exp. Eye Res., 26 (1978) 255-265.
13 L. J. Summers, C. Slingsby, T. L. Blundell, J. T. den Dunnen, R. J. M. Moormann and J. G. G.
Schoenmakers, Exp. Eye Res., 43 (1986) 77-92.
14 R. J. Siezen, E. D. Kaplan and R. D. Anello, Biochem. Biophys. Res. Commun., 127 (1985) 153-160.



250 R. J. SIEZEN, E. D. KAPLAN

15 R.J. Siezen, J. A. Thomson, E. D. Kaplan and G. B. Benedek, Proc. Natl. Acad. Sci. U.S.4., 84 (1987)
6088-6092.

16 R. J. Siezen, C. Hom, E. D. Kaplan, J A. Thomson and G. B. Benedek, Exp. Eye Res., 46 (1988) in
press.

17 R. J. Siezen, J. G. Bindels and H. J. Hoenders, Exp. Eye Res., 26 (1979) 551-567.

18 R. J. Siezen, C. M. Coppin, E. D. Kaplan, D. Dwyer and J. A. Thomson, Exp. Eye Res., (1988)
submitted for publication.

19 J. A. Thomson and R. C. Augusteyn, Exp. Eye Res., 40 (1985) 393-410.

20 Y. Quax-Jeuken, H. Driessen, J. Leunissen, W. Quax, W. de Jong and H. Bloemendal, EMBO J., 4
(1985) 2597-2602.

21 J. S. Zigler, Jr., P. Russell, J. Horwitz, V. N. Reddy and J. H.Kinoshita, Curr. Eye Res., 5 (1986)
395-401.

22 S. P. Bhat and A. Spector, DNA, 3 (1984) 287-295.

23 R. E. Hay, W. D. Woods, R. L. Church and J. M. Petrash, Biochem.Biophys. Res. Commun.. 146
(1987) 332-338.

24 C. Slingsby and L. R. Croft, Exp. Eye Res., 26 (1978) 291-304.

25 K. Mandal, B. Chakrabarti, J. A. Thomson and R. I. Siezen, J. Biol. Chem., 262 (1987) 8096-8102.



